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Appendix A
Stress Analysis of Robinson CRDM Nozzles

Attached calculation note C-3515-00-1, Revision 0, H.B. Robinson CRDM Nozzle Stress
Analysis, provides results of elastic-plastic finite element analyses of four Robinson CRDM
nozzles at angles of 0.0°, 9.3°, 27.1°, and 46.0°. The analyses were performed using the highest
yield strength of any of the Robinson nozzles. The results of this analysis are used as input to the
crack tip stress intensity factor calculations in Appendix B.

Attached calculation note C-3515-00-3, Revision 0, Stress Comparison ofNominal and
As-Built CRDM Nozzle Geometries at H. B. Robinson, provides analysis results for the same four
nozzles as noted in the preceding paragraphs, but with the as-built weld profile determined by the
NDE inspection. As discussed in Section 4, the NDE showed that the fillets between the nozzles
and the J-groove welds on the downhill sides of the nozzles are larger than specified on the
design drawings. This calculation note also compares the stresses for the two cases. The ,
conclusion from this work is that the larger fillet results in the weld toe being at an elevation with
lower restraint from the vessel head such that the stresses at the weld toe are lower than for the
aé-designed case. The deterministic and probabilistic analyses in Section 7 and 8 were

performed using the more conservative results for the as-designed cases.

The contents of Appendix A
are proprietary to DEL
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DEI Calculation C-3515-00-1, Revision 0, H.B. Robinson CRDM Nozzle Stress Analysis, is
proprietary to Dominion Engineering, Inc., and has been removed from this non-proprietary

version of Appendix A.



DOMINION ENGINEERING, INC.

R-3515-00-1-NP, Rev. 0
Non-Proprietary Version

Confidential
Commercial
Information

DEI Calculation C-3515-00-3, Revision 0, Stress Comparison of Nominal and As-Built CRDM
Nozzle Geometries at H. B. Robinson, is proprietary to Dominion Engineering, Inc., and has been

removed from this non-proprietary version of Appendix A.
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Appendix B
Stress Intensity Factors and Crack Growth Time

The purpose of Appendix B is to calculate stress intensity factors and crack growth times
for the Robinson CRDM penetrations for axial ID and OD nozzle flaws, radial weld flaws, and
through-wall circumferential flaws located above the root of the J-groove weld. Appendix B
concludes with an evaluation of the rate of crack growth for multiple circumferential cracks
initiating on the nozzle OD surface above the root of the J-groove weld. This evaluation shows
that the model for circumferential crack growth based on a through-wall flaw having an initial
total arc size of 30° predicts nozzle ejection to occur sooner than would a model based on

circumferential crack growth from multiple initiation sites on the nozzle OD.

B.1 Axial ID Flaw in Nozzle
The following inputs are used to evaluate axial ID flaw stress intensity factors and crack
‘growth times:

—  Welding residual and operating stresses from calculation C-3515-00-1, Rev. 0
(Appendix A),

—  Nozzle OD =4.000 inches,

—  Nozzle ID = 2.750 inches,

—  Flaw evaluation methodology specified in the current NRC guidance (7),

—  Operating head temperature of 599.7°F per (14).

a.  Stress Intensity Factor Calculation Method
The first step in calculating axial ID flaw stress intensity factors and crack growth

times is to characterize the flaw depth (a), length (£, or 2¢) and location, with respect
to the top and bottom of the weld. Evaluation of the axial cracks differs depending on
the elevation of the crack with respect to the weld, since the hoop stress (o) changes
with the elevation. The hoop stress is usually maximum in the weld region and
decreases from the top of the weld to the top of the penetration.

The through-wall hoop stress distribution that drives axia! crack growth is taken from
DEI calculation C-3515-00-1 (Appendix A). As described in that calculation, four
nozzle penetration geometries (at 0.0°, 9.3°, 27.1°, and 46.0°) are considered to cover
the range of penetration angles at Robinson. As shown in Figure 8-3, bounding yield
strength values were chosen for the four stress analysis cases. The stress calculation
includes welding residual stresses, the effect of hydrostatic testing which provides
some mechanical stress relief, and operating temperature and pressure. A review of
the plots of hoop stress for the four models from C-3515-00-1 demonstrates that the

B-1
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maximum hoop stresses occur at the uphill and downhill sides of the nozzle;
therefore, only these two cases are considered. Finally, DEI calculation C-3515-00-3
(Appendix A) shows that the somewhat larger as-built downhill side weld profile in
comparison to the design profile does not produce any significant increases in the
magnitude of the hoop and axial stresses that are used in the stress intensity factor
calculations described below for the various flaw geometries (axial ID, axial OD,
surface weld, and circumferential OD). In fact, the stresses that drive axial crack
growth upward on the nozzle OD on the downhill side below the weld toe are lower
in the case of the estimated as-built weld profile.

The current NRC flaw evaluation guidance (7) specifies that the crack tip stress
intensity factor (K) may be calculated using the method developed by Raju and
Newman (45). Calculations were performed using the Raju-Newman method and

another model from Zahoor (46).
Raju and Newman Model

The Raju-Newman model involves ﬁttmg a third order polynomial to the through-
thickness hoop stress distribution of the form:

3
Op=2 4,2 [Eq. B-1]
Jj=0
where:
4 = polynomial coefficient for /* order term
z = distance from crack mouth
Ogg = hoop stress

Then, the stress intensity factor can be calculated using the following equation:

3 _
K, = ,ﬂixZG,(a/c,a/t,t/R,,o)A,af [Eq. B-2]
Q0 =
where:
Q0 = Shape factor for an elliptical crack, approximated in (45) as
0 =1+ 1.464(alc)"**
a = Depth of surface crack
c = Half length of the surface crack
G = Influence coefficient for /* stress distribution
K = Stress intensity factor

The G; values for ID cracks in a cylinder with a #/R ratio of 0.1 and 0.25 are provided
in Tables 1 and 2 of the Raju-Newman paper (45). Influence coefficients are
provided for crack aspect ratios (a/c) of 0.2, 0.4, and 1.0 (a/2¢ from 1/10 to 1/2).
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Zahoor Model
The Zahoor model also involves fitting a third order polynomial to the through-
thickness hoop stress distribution:

0, =0,+0,(z/)+0,(z/t) + o,(z /1)’ [Eq. B-3]

The o; are coefficients of the stress polynomial describing the hoop stress (o)
variation through the cylinder wall (z is the distance from the inner surface and ¢ is the
wall thickness).

The stress intensity factor can be calculated using the following equation:

3
K, =(@)"[),0,G] [Eq. B-4]
i=0
where:
G = shape factors associated with the coefficients of the stress

polynomial o; for an ID axial part-through wall flaw of finite
length, expressed by:
G = Ao+ (Aia+ Aol + Ayad + Auas® + AsaP)[0.102(Ri/1) — 0.02]%
o = (a/)l(alc)™

The values of Aq through As and m in the above relationship for G; are given in
Table 8.1-1 of Zahoor (46) for each G;. R;is the cylinder inner radius, a the flaw
depth at deepest point, and c the flaw half length.

For both the Raju-Newman and Zahoor methods, the through-thickness stress
distributions for ID axial flaws were evaluated at different elevations. To be
conservative, the elevation that gives the highest crack growth rate has been retained
in all cases, which was usually at the elevation of the root of the weld. Figure B-1
shows a typical location of the assumed flaw on the ID of the nozzle. Figures B1-1
through B1-4.b show the through-wall hoop stress distributions for the selected
locations. (These figures do not include the point at the weld/tube interface (z =
0.625 inches) because stress averaging across two dissimilar materials is performed at
that location as part of the standard finite-element analysis technique.)

Stress intensity calculations for both models include various parameters, such as the
crack depth and the a/c ratio. The calculations start with a crack depth of 0.04 inches
(1.0 mm) because this is the expected detectability limit for an ECT inspection (see
paragraph 5.7), but the PFM model of Section 8 allows for selection of a variable
initial depth for the probabilistic calculations. Various a/c ratios have been
considered since the stress intensity factor coefficients increase as a/c decreases (£ /a
increases). To be conservative, a low a/c ratio of 1/3 (£/a = 6) has been retained for
all calculations. This ratio is assumed to cover most of the crack aspect ratios found
in service experience.
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Figures B1-5 through B1-8.b show the stress intensity factors calculated for the stress
distributions in Figures B1-1 through B1-4.b, respectively.

Crack Growth Rate Calculation Method

The crack growth rate in Alloy 600 nozzle material is computed using the method
specified in the current NRC guidance (7), which lists the crack growth rate equation
from MRP-55 (35). Specifically:

. o1 1 : i
a exp[ 2 (T T,;,]]a(K K,) [Eq. B-5]
where:
a = crack growth rate at temperature T (m/s, or in/yr)
O = thermal activation energy for crack growth
= 130 kJ/mole (31.0 kcal/mole)
R = universal gas constant
= 8.314x10" kJ/mole'K (1.103x107? kcal/mole-°R)
r = absolute operating temperature at crack location (599.7°F)
= 588.54 K (1059.37°R)
T = absolute reference temperature used to normalize crack growth
data (325°C) = 598.15 K (1076.67°R)
a = crack growth rate coefficient
= 2.67x10"? at 325°C for @ in units of m/s and X in units of MPaVm
3.69x10° at 617°F for & in units of in/yr and X in units of ksiVin
K = crack tip stress intensity factor, MPavm (or ksiVin)
Ky = apparent crack tip stress intensity factor threshold for SCC
= 9 MPavm (8.19 ksiVin)
B = exponent = 1.16

The results of the crack growth calculations for ID axial flaws are shown in Figures
B1-9 through B1-12.b. These figures show the relative flaw depth (a/f) as a function
of time computed using the crack tip stress intensity factors in Figures B1-5 through
B1-8.b and the crack growth equation defined above. The curves based on the Raju-
Newman and Zahoor methods show good agreement in all cases. The Raju-Newman
model results were selected as the input for the probabilistic calculations in Section 8,
since this method is the one identified in the current NRC guidance (7), and are
reflected in Table B-1.

Note that in all cases the minimum stress intensity factor input to the crack growth
rate equation—in particular for the Reju-Newman model results—was greater than
approximately 14.5 MPavm. This matches the approximate lower bound of

15 MPavm cited in MRP-55 (35) for the laboratory data used to develop the above
crack growth equation for thick-section Alloy 600 material. Moreover, the minimum
stress intensity factors input to the crack growth rate equation for the other modeled
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flaw geometries (OD axial, radial wéld, and through-wall OD circumferential) were
also greater than at least approximately 14.5 MPaVm.

B.2 Axial OD Flaw in Nozzle
The first step in calculating axial OD flaw stress intensity factors and crack growth times is
to characterize the flaw depth (a), length (£, or 2¢) and location, in particular the distance
between the top edge of the flaw and the bottom of the weld. Evaluation of the axial cracks
differs depending on the elevation of the crack with respect to the weld, since the hoop
stress (o) changes with the elevation. The hoop stress is usually maximum in the weld
region and decreases from the bottom of the weld to the bottom of the nozzle.

a.  Stress Intensity Factor Calculation Method
The current NRC flaw evaluation guidance (7) specifies that the crack tip stress

intensity factor (K) may be calculated using the method developed by Raju and
Newman (45), as described in paragraph B.1 for axial ID flaws. The Gj coefficients
involved in the method are a function of a/c, a/t, ¢/R, and also ¢, the angular location
around the crack front. It is then possible to calculate the stress intensity factor on the
upper edge of a surface flaw growing both in depth and in length toward the bottom
of the weld and beyond. The OD flaw would then be modeled to grow to the top of
the weld, creating a possible leak path. This is a more conservative case than an OD
flaw growing first through-wall and then up to the top of the weld, and is consistent
with the axial OD cracking that has been observed. Therefore, X at the upper edge of
an axial OD flaw can be calculated using the coefficients from Tables 3 and 4 of
Reference (45) for an angle of 0° from the free surface. The Zahoor model
parameters are only available for stress intensity factor calculations at the maximum
depth point, and have not been used in this section.

The stress intensity factors using the Raju-Newman method were calculated at
different elevations for the eight geometries described above (four nozzle angles and
the uphill and downhill sides). Then, as before, the through-wall hoop stress
distribution was fit to a cubic polynomial. Figures B2-1 through B2-4.b show the
through-wall hoop stress distributions at the elevation of the bottom (toe) of the weld.

The most conservative case would be for a flaw to initiate at the bottom of the weld,
since the hoop stress increases from the bottom of the nozzle to the bottom of the
weld, and it would also require less time for the crack to reach the top of the weld.
This case has been selected for all the calculations. Figure B-1 shows a typical
location of the assumed flaw on the OD of the nozzle.

Other parameters must be taken into account, such as the initial crack depth, the
initial a/c ratio, and a possible change of a/c as the crack grows. Calculations start
with a crack depth of 0.04 inches (1.0 mm) as was the case for the axial ID flaw
growth calculations. Stress intensity factor coefficients at the surface of an axial OD
flaw are provided in Table 3 and 4 of Reference (45) for crack aspect ratios (a/c) of
0.2, 0.4, and 1.0 (a/2c from 1/10 to 1/2). It should be noted that for this flaw
geometry, the influence coefficients G increase as the a/c ratio increases (£/a

B-5
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decreases), and the shape factor Q is also a function of a/c. Therefore, the
calculations start with an initial a/c ratio of 1.0, which appears to be the most
conservative case (this corresponds to assuming an initial length into the weld region
of 0.04 inches). However, as the flaw grows toward the top of the weld, lower a/c
ratios have been considered to simulate the growth in length and enable the crack to
reach the top of the weld before its depth is through-wall (0.625 inches). In
particular, the a/c ratio is conservatively assumed to decrease linearly from 1 to 1/3 at
the point which the flaw becomes through-wall.

Figures B2-5 through B2-8.b show the stress intensity factors calculated for the stress
distributions in Figures B2-1 through B2-4.b, respectively.

b.  Crack Growth Rate Calculation Method
The crack growth rate in Alloy 600 nozzle material is computed using the method
specified in the current NRC guidance (7) as reported in paragraph B.1.

The results of the crack growth calculations for OD axial flaws are shown in Figures
B2-9 through B2-12.b, and the summary results of Table B-1. These figures show the
flaw half length into the weld region (c) as a function of time computed using the
crack tip stress intensity factors in Figures B2-5 through B2-8.b and the crack growth
equation defined above. The curves can be compared to the location of the top of the
weld, which gives the time for an OD axial crack starting at the bottom of the weld to
reach the top of the weld and create a leak path.

B.3 Surface Weld Flaw
Calculations were performed as described in paragraph 7.2 for the four representative
penetration geometries (0.0°, 9.3°, 27.1° and 46.0°) and the uphill and the downhill sides,
with an initial flaw depth of 0.105 inches (2.67 mm). The results are shown in Figures
B3-1.a and B3-1.b. As described in paragraph 7.2, the limit of detectability is taken as 0.16
inches (4.1 mm) length, and a typical weld flaw length to depth aspect ratio of 1.5:1 is
assumed (25, 57), resulting in an initial depth assumption of 0.105 inches (2.67 mm) for the
calculations shown in Figures B3-1.a and B3-1.b. These results were used as an input to
the probabilistic evaluation of Section 8.

B.4 Through-Wall Circumferential Flaw in Nozzle
Calculations were performed to determine the time for a 30° through—wall cnrcumferentlal

crack above the J-groove weld to grow to the limit flaw arc length of 284° as calculated in
Appendix E using a safety factor of 2.7 on the design pressure, and also to 300° for the
probabilistic evaluation in Section 8. The final arc length of 300° for the probabilistic
calculations is the greatest angle for which the most applicable stress intensity factor results
were available, and it is conservative to model nozzle ejection at a crack size of 300°
because the critical flaw size at a pressure loading of 2500 psi is 330°. Figure B4-3 shows
the growth of a through-wall circumferential flaw around the nozzle circumference.

Independent calculations of the crack tip stress intensity factor for through-wall
circumferential flaws were not performed as part of this effort. Rather, the crack tip stress
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intensity factor was established based oh other work performéd in the industry. Figure
B4-1 shows several sources of reported crack tip stress intensity factors for through-wall
circumferential cracks above the J-groove weld. The sources of data are as follows:

—  The "Westinghouse” curve is from WCAP-15928 (47). This curve was not
calculated by Westinghouse, but is reported to represent a composite of other
reported data. ’ ’

—~  The "EMC?" curve was reported by Dr. Shack of Argonne National Laboratory
in October 2002 (48). It is reported to represent analyses by Engineering
Mechanics Corporation of Columbus on behalf of the NRC.

—  The "MRP" curves were developed by the EPRI Materials Reliability Program
based on elastic-plastic finite element analyses performed for an outer row
Westinghouse plant CRDM penetration that has a very similar weld geometry to
Robinson (both weld size and uphill vs. downhill side distribution) and a high
yield strength (8, 57). These data were presented to the NRC on June 12, 2003.
These stress intensity factors were conservatively calculated based on
"enveloping stresses” perpendicular to the crack plane that correspond to a
meandering crack plane through the highest stress locations above the weld. In
other words, the circumferential crack is assumed to move to the elevation
having the highest stress perpendicular to the crack plane as the crack
progresses around the circumference.

—  The "Center Cracked Panel” curve represents a central through-wall crack in an
axially loaded panel. While not believed to provide meaningful results for small
flaws due to the lack of residual stresses, it is believed to be accurate for large
flaws where residual stresses have largely been relieved.

Based on the above data, the MRP stress intensity factor curves (8, 57)—which are
tabulated in Tables B4-1.a and B4-1.b—were chosen for application to Robinson. The
results of the crack growth calculations for eight representative through-wall
circumferential flaw geometries are shown in Figures B4-2.a and B4-2.b. Note that the
results for circumferential flaws originating on the uphill side (Figure B4-2.a) all assume
the same stress intensity factor curve that was calculated for an "uphill” crack in an outer
row penetration (49°). Similarly, the "downhill" results (Figure B4-2.b) are all based on
one stress intensity factor curve. In each case, the stress intensity factor curve used is
conservative since the magnitude of the calculated stresses increases with increasing nozzle
angle. The source of the differences between the curves in each figure is that each
circumferential flaw is assumed to follow the weld contour so that the actual crack growth
distance is greatest for the 46° nozzle angle cases. Finally, note that the average of the
nozzle OD and ID (3.375") was used to determine the crack growth distance (3.7" on each
crack front for growth from 30° to 284°), and that growth is assumed to take place on both
crack fronts at the same time.
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As was mentioned in Section 7, the deterministic calculation of circumferential crack
growth includes a multiplicative factor of 2 increasing the MRP-55 (35) crack growth rate
for Alloy 600 base metal to account for current uncertainties in the exact chemical
environment that exists in the nozzle OD annulus for a leaking penetration. This factor is
recommended by MRP-55 and reflected in Figures B4-2.a and B4-2.b and the summary
results of Table B-1. However, as discussed in paragraph 8.2, the probabilistic calculations
of Section 8 do not include this factor of 2 on crack growth rate.

B.5 Evaluation of Circumferential Cracking Initiating at Multiple Initiation Sites
Calculations were performed to assess the influence of potential crack growth in the radial

direction from multiple initiation sites on the nozzle OD. Figures B5-1 and B5-2 show the
through-wall distribution of the stress perpendicular to the circumferential crack plane (for
the outermost Robinson penetration geometry) at the top of the weld, one element row
above, and two element rows above the top of the weld, based on the C-3515-00-1 stress
model of Appendix A. The heavier lines in Figure B5-2 show the stresses in the region
between the uphill and downhill sides of the nozzle, i.e., in the region of the 90°/270°
azimuthal position.

Stress intensity factors were calculated at the deepest point of a part-depth OD
circumferential crack based on the Raju-Newman solution for a flat plate and a cubic stress
distribution assuming an aspect ratio of 2c/a = 6 (Figure B5-3). The crack face was
conservatively assumed to be pressurized at the internal vessel pressure. Stress intensity
factors were also calculated based on the ASME Section XI, article A-3000(2) (61) flat
plate solution for a cubic stress distribution assuming an aspect ratio of 2c/a = 6 (Figure
B5-4). The crack face was assumed to be pressurized, and surface correction factors were
extrapolated from the tables for a/t ratios greater than 0.8. Note that the A-3000(a) solution
includes a correction factor for the size of the plastic zone at the crack tip.

These results show that the calculated time for growth of a through-wall circumferential
crack around the nozzle circumference bounds the effect of potential crack growth in the
radial direction from multiple initiation sites on the nozzle OD following formation of a
leak path flaw to the OD annulus. The difference in stress intensity factor between that
assumed for circumferential growth of a through-wall circumferential flaw ("downhill"
MRP curve in Figure B4-1) and that calculated in Figures B5-3 and B5-4 for a part-depth
circumferential flaw are large enough so that less time is required for the through-wall
crack to grow all the way around the nozzle than for a part-depth crack located between the
uphill and downhill positions to grow through the entire wall thickness. This is true even if
one does not take credit for the apparent stress intensity factor threshold of Equation B-5,
for example, by just assuming & linear dependence of crack growth rate on stress intensity
factor. Moreover, some significant time would be expected for the part-depth
circumferential cracks to initiate—i.e., reach the SCC growth phase—after the time that a
leak path flaw to the nozzle OD annulus first forms. '
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Table B-1

Summary of the Deterministic Crack Growth Calculations

ID Axial Flaw (Time to Leak)
Angle (°)| UH/DH | Time (yrs)|
0.0 - 48 |
9.3 UH 4.9
9.3 DH 4.3
27.1 UH 5.1
27.1 DH 35
46.0 UH 4.9
46.0 DH 35
Min 3.5
Max 5.1
OD Axial Flaw (Time to Leak)
.gg]e (°)] UH/DH | Time (yrs)|
0.0 — 95 |
9.3 UH 8.0
9.3 DH 8.6
27.1 UH 74
27.1 - DH 54
46.0 UH 10.0
46.0 DH 7.1
Min 54
Max 10.0
OD Circ. Flaw (30° to 300°)
ﬁle (°)] UH/DH | Time (yrs)
0.0 UH 49.9
0.0 DH 1.5
9.3 UH 50.6
9.3 DH 7.6
27.1 UH .56.1
27.1 DH 8.4
46.0 UH 71.9
46.0 DH 10.8
Min 7.5
Max 71.9

R-3515-00-1-NP, Rev. 0
Non-Proprietary Version
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Table B4-1.a
Stress Intensity Factors for OD Circumferential Cracks (Downhill Side) (8, 57)

Z’;‘Zlf ’(‘.f)“' K (ksi Vin) | K (MPa Vm)
30 28.790 31.636
90 " 59.336 65.201
160 84.080 92.390
180 86.557 95.112
220 89.310 98.137
260 92.769 101.938
300 93.453 102.690

Table B4-1.b v
Stress Intensity Factors for OD Circumferential Cracks (Uphill Side) (8, 57)

Z’;‘;’: ;‘_f)w K (ksi Vin) | K (MPa Vi)
30 4.942° 5430°
90 14.302 15.716
160 21.782 23.935
180 24.115 26.499
220 30.100 33.075
260 38.017 41.775
300 50.009 54.952

* Values changed to 14.302 and 15.716
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Example of ID and OD Flaw Locations.

Figure B-1
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Figure B1-1 - Through-Wall Hoop Stress Distribution at Controlling Elevation - 0.0° Nozzle
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Figure B1-2.a - Through-Wall Hoop Stress Distribution at Controlling Elevation - 9.3° Nozzle -
Uphill Side '
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Figure B1-2.b - Through-Wall Hoop Stress Distribution at Controlling Elevation - 9.3° Nozzle -

Downhill Side
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Figure B1-3.a - Through-Wall Hoop Stress Distribution at Controlling Elevation — 27.1° Nozzle
- Uphill Side
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Figure B1-3.b - Through-Wall Hoop Stress Distribution at Controlling Elevation — 27.1° Nozzle
- Downbhill Side :
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Figure B1-4.a - Through-Wall Hoop Stress Distribution at Controlling Elevation — 46.0° Nozzle
- Uphill Side
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Figure B1-4.b - Through-Wall Hoop Stress Distribution at Controlling Elevation — 46.0° Nozzle
- Downhill Side
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Figure B1-5 - Through-Wall Stress Intensity Factor Distribution - 0.0° Nozzle
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Figure B1-6.a - Through-Wall Stress Intensity Factor Distribution — 9.3° Nozzle - Uphill Side
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Figure B1-6.b - Through-Wall Stress Intensity Factor Distribution — 9.3° Nozzle - Downhill Side
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Figure B1-7.a - Through-Wall Stress Intensity Factor Distribution — 27.1° Nozzle - Uphill Side
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Figure B1-7.b - Through-Wall Stress Intensity Factor Distribution - 27.1° Nozzle - Downhill Side
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Figure B1-8.a - Through-Wall Stress Intensity Factor Distribution - 46.0° Nozzle - Uphill Side
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Figure B1-8.b - Through-Wall Stress Intensity Factor Distribution - 46.0° Nozzle - Downhill Side

B-19
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Figure B1-9 - Crack Growth Time for ID Axial Flaws - 0.0° Nozzle
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Figure B1-10.a - Crack Growth Time for ID Axial Flaws — 9.3° Nozzle - Uphill Side
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Figure B1-10.b - Crack Growth Time for ID Axial Flaws — 9.3° Nozzle - Downhill Side
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Figure B1-11.a - Crack Growth Time for ID Axial Flaws — 27.1° Nozzle - Uphill Side
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Figure B1-11.b - Crack Growth Time for ID Axial Flaws — 27.1° Nozzle - Downhill Side
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Figure B1-12.a - Crack Growth Time for ID Axial Flaws - 46.0° Nozzle - Uphill Side
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Figure B2-1 - Through-Wall Hoop Stress Distribution at the Bottom of the Weld - 0.0° Nozzle
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Figure B2-2.a - Through-Wall Hoop Stress Distribution at the Bottom of the Weld — 9.3° Nozzle
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Figure B2-2.b - Through-Wall Hoop Stress Distribution at the Bottom of the Weld — 9.3° Nozzle
- Downhill Side
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Figure B2-3.a - Through-Wall Hoop Stress Distribution at the Bottom of the Weld ~ 27.1°

Nozzle - Uphill Side
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Figure B2-3.b - Through-Wall Hoop Stress Distribution at the Bottom of the Weld — 27.1°

Nozzle - Downhill Side
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Figure B2-4.a - Through-Wall Hoop Stress Distribution at the Bottom of the Weld - 46.0°

Nozzle - Uphill Side
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Figure B2-4.b - Through-Wall Hoop Stress Distribution at the Bottom of the Weld - 46.0°

Nozzle - Downbhill Side
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Figure B2-5 - Stress Intensity Factor at OD Axial Flaw Upper Edge - 0.0° Nozzle
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Figure B2-6.a - Stress Intensity Factor at OD Axial Flaw Upper Edge — 9.3° Nozzle - Uphill Side
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Figure B2-6.b - Stress Intensity Factor at OD Axial Flaw Upper Edge — 9.3° Nozzle - Downhill

Side
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Figure B2-7.a - Stress Intensity Factor at OD Axial Flaw Upper Edge — 27.1° Nozzle - Uphill
Side
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Figure B2-7.b - Stress Intensity Factor at OD Axial Flaw Upper Edge — 27.1° Nozzle - Downill
Side
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Figure B2-8.a - Stress Intensity Factor at OD Axial Flaw Upper Edge - 46.0° Nozzle - Uphill
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Figure B2-8.b - Stress Intensity Factor at OD Axial Flaw Upper Edge - 46.0° Nozzle - Downhill
Side ,
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Figure B5-3
Stress Intensity Factor at Deepest Point of Circumferential Crack (Raju-Newman Solution): (a)
Top of Weld, (b) One Row Above and (¢) Two Rows Above
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Figure B5-4 ,
Stress Intensity Factor at Deepest Point of Circumferential Crack (ASME Section X1, A-3320):
(a) Top of Weld, (b) One Row Above and (c) Two Rows Above
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Appendix C
Gap Opening Displacement for BMV Leakage Detection

Analyses to confirm that there will be an operating condition gap between the CRDM
nozzles and holes in the vessel heads, to ensure that there will be a leak path to the surface for
bare metal visual inspections, were performed in October 2001 and are reported in DEI report R-
3513-00-1, Revision 1, Reactor Vessel Top Head Nozzle - Operating Fit Analysis — H.B.
Robinson 2 Nuclear Power Plant (53). The purpose of this appendix is to provide a brief

overview of the analysis methodology and key results.

A finite element model was created of a sector of the vessel head as shown in Figures C-1
and C-2. The modeling of the nozzle shown in Figure C-3 reflects the zone of interference fit
and the counterbore. Weld distortion was determined from analyses similar to that performed in
Appendix A, and the resulting weld distortion was imposed on the gap model by applying
constraint equations between the nozzle and weld. Figure C-4 shows the resultant weld |
distortion. Figure C-5 shows the flange rotation and equivalent stresses induced in the head as a
result of the specified preload. Figure C-6 shows the equivalent stresses in the vessel head for

operating conditions.

Figure C-7 shows the predicted gaps. The analysis shows that all nozzles have a predicted
operating condition leak path to the top head surface for initial diametral interference fits of up to
and including 0.00275" initial interference. Work also showed that for the small amount of
possible interference in some nozzles, the actual metal-to-metal contact area is only about 5% of
the nominal contact area. The remaining approximately 95% of the interference fit area will
have small flow passages with an RMS height equal to the sum of the RMS surface roughness of
the mating parts.
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Appendix D
Allowable Wastage Volume

Attached calculation note C-3515-00-2, Revision 0, H.B. Robinson RPV Head Allowable
Wastage Volume Analysis, provides results of finite element analyses to determine the amount of
material that can be lost from the low-alloy steel vessel head by boric acid corrosion and still
meet ASME Code primary membrane and primary membrane plus bending stress limits. The
analysis methodology is the same as descﬁbed in MRP—75, PWR Reactor Pressure Vessel (RPV)
Upper Head Penetrations Inspection Plan (9). The results of this analysis are used in the
probabilistic analyses in Section 8. '

The contents of Appendix D
are proprietary to DEL.
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DEI Calculation C-3515-00-2, Revision 0, H.B. Robinson RPV Head Allowable Wastage Volume
Analysis, is proprietary to Dominion Engineering, Inc., and has been removed from this non-
proprietary version of Appendix D.
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Appendix E
Limiting Crack Sizes in Nozzles and Welds

Paragraph IWB-3640 (Evaluation Procedures ‘dnd Acceptance Criteria for Flaws in
Austenitic and Ferritic Piping) of Section XI of the ASME Boiler and Pressure Vessel Code (49)
states that:

"A pipe containing flaws is acceptable for continued service for a specified
evaluation time period if the criteria of IWB-3642, IWB-3643, or IWB-3644 are
satisfied. The procedures shall be the responsibility of the Owner and shall be
provided to the regulatory authority having jurisdiction at the plant site.”

. Paragraph IWB-3644 (Alternative Evaluation Procedure and Acceptance Criteria Based on
Applied Stress) of Section XI of the ASME Boiler and Pressure Vessel Code (49) states that:

"Piping containing flaws exceeding the allowable standards of IWB-3514.1 is
acceptable for continued service until the end of the evaluation period if the
alternative evaluation procedure demonstrates, at the end-of-evaluation period,
safety factors, based on load equivalent to the following:

Service Level Safety Factor
A 2.7
B 2.4
C 1.8

D 1.4

The following are calculations for the maximum end-of-evaluation period flaws at three
locations in the CRDM Nozzle shown in Figure E-1. These are 1) an axial through-wall flaw in
the nozzle above the J-groove weld, 2) a through-wall partial arc circumferential flaw above the
J-groove weld, and 3) a circumferential flaw at the fusion line between the nozzle and the J-
groove weld. In each case, the analysis will show the limiting flaw size assuming design
pressure and operating temperature conditions. Calculations have been performed for the central
nozzle. The limiting flaw sizes will be greater for circumferential ﬂ#Ws and lack of fusion that

follow the J-groove weld contour.

Per drawing E 232-284-5 (50), the nozzle OD is machined to 4.000" **%/44;+, and the
nozzle ID is 2-3/4" where the tolerance on fractional dimensions is £1/64". The minimum OD is
therefore, 3.999" and the maximum ID is 2.7656".
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E.1 Axial Flaw in Nozzle Above J-Groove Weld 7
The limit pressure for a through-wall axial crack in a tube subjected to internal pressure
loading is given by the EPRI, Ductile Fracture Handbook (NP-6301-D) (51) as follows:

Pim = of(((R)/IM [Eq. E-1]
where, ,

Pyn =  limit pressure = 2.7 * design pressure = 2.7 (2,500 psi) = 6,750 psi

or = tensile flow stress = 0.5 (o;, + ) ,

G, = yield strength at 599.7°F operating temperature = 29.9 ksi (@600°F)

o, = tensile strength at 599.7°F operating temperature = 80.0 ksi (@600°F)

D, = minimum nozzlé outside diameter = 3.999 in

D; = maximum nozzle iﬂside diameter = 2.7656 in

t =  minimum nozzle wall thickness = (D, —D;)/2 = 0.6167 in

R = nozzle meanradius = (D, + D)4 = 1.6912in

A = R '

¢ = halfcrack length

M =

[1+1.2987 A% - 2.6905x102 A* + 5.3549x10" 25]°S

Solving iteratively, an axial crack length of 5.3 inches results in a limit pressure of
6,750 psi. It should be noted that this calculation is conservative since the amount of crack
opening displacement will be limited by the fit of the nozzle in the hole in the vessel head.

E.2 Circumferential Flaw in Nozzle Above J-Groove Weld
The limiting through-wall circumferential flaw is calculated using the method developed in
MRP-44, Part 2 (52). The relatively tight fit of the nozzle in the vessel head will ensure
that moment loads on the nozzle are low and that the limit load will be equal to the material
flow stress acting on the remaining ligament. It is conservatively assumed for the
calculation that 2.7 times the design pressure acts on the crack face as well as the nozzle
bore diameter. '

o
Awu(l‘é_a')')
B,.=o 2

ymEn

[Eq. E-2]

Solving for the crack angle #that produces the limit pressure,
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0 =—1 - [Eq. E-3]
B.+0 ;
where,
8 = circumferential crack length (degrees)
Apore =  nozzle bore area = wD?/4 = £(2.7656 in)*/4 = 6.007 in®

Awen =  nozzle wall area = rr(D,,2 -D,-z)/4
7[(3.999 in)> - (2.7656 in)’}/4 = 6.553 in®

A circumferential crack of 284° above the J-groove weld will support a pressure of
6,750 psi.

E.3 Lack of Fusion or Axial-Circumferential Weld Crack at J-Groove Weld Interface
The limiting area of lack of fusion between the nozzle and J-groove weld is calculated
using the axial pressure load acting on the outside diameter of the nozzle and the allowable
shear stress on the weld. The weld flow shear stress is taken as 50% of the nozzle base

material flow stress.
_ B, D} /4
0.50, —”DH— (360-9) [Eq. E-4]
0" " weld 3 60
¢ =360—180(—P‘ﬂl—)"—] [Eq. E-5]
af weld .

where,

Hyu=  minimum height of J-groove weld at nozzle wall

= 1.000 in
¢ = circumferential lack of fusion length (degrees)

A circumferential area of lack of fusion between the weld and nozzle wall extending 271°
around the nozzle will support a pressure of 6,750 psi.

Table E-1 is a summary of the limit flaw sizes presented above, plus the limit flaw sizes
calculated using the design pressure with no safety factor. In summary, the nozzle will meet the
ASME Code Section XI strength requirements with a through-wall axial flaw of about 5.3 inches



r-

DOMINION ENGINEERING, INC. R-3515-00-1-NP, Rev. 0
Non-Proprietary Version

above the top of the J-groove weld, a through-wall circumferential ﬂaw of about 284° above the
top of the J-groove weld, or an area of lack of fusion between the nozzle and J-groove weld that
extends about 271° around the nozzle. These significant size flaws are indicative of the

structural margin inherent in the CRDM nozzle design.
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Limit Flaw Sizes Based on the Design Pressure and Based on the Section XI Para. IWB-3644
Safety Factor for Continued Service with Actual Flaws

2500 psi | 6750 psi
Axial through-wall flaw in 14.3 5.3
nozzle above J-weld | inches inches
Circ. through-wall flaw 0 °
above J-weld 330 284
Lack of fusion between 397° 271°

nozzle and weld
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Figure E-1



